Protein isoforms are widely expressed in biological systems. How isoforms that co-exist within the same sub-cellular domain are differentially activated remains unclear. Here, we compare the regulatory mechanism of two closely related transcription factor isoforms, NFAT1 and NFAT4, that migrate from the cytoplasm to the nucleus following the increase in intracellular Ca 2+ that accompanies the opening of store-operated Orai1/CRAC channels. We demonstrate that NFAT1 has a private line of communication with Orai1, activating in response to Ca 2+ microdomains near the open channels. By contrast, NFAT4 stimulation requires both local Ca 2+ entry and a nuclear Ca 2+ rise. We mapped differences in nuclear location to amino acids within the SP-3 motif of the NFAT regulatory domain. The different Ca 2+ dependencies enable agonists to recruit different isoform combinations as stimulus strength increases. Our study uncovers a mechanism whereby co-existing cytoplasmic transcription factor isoforms are differentially activated by distinct sub-cellular Ca 2+ signals.
Protein isoforms are often co-expressed in cells, occupy the same spatial domain, and are activated by the same intracellular signal. How selective recruitment of one isoform occurs is unclear. Here, we have compared the activation of NFAT1 and NFAT4, two closely related vertebrate transcription factors. We report that the different isoforms are stimulated by distinct subcellular Ca 2+ signatures. NFAT1 has a private line of communication with plasma membrane Ca 2+ channels, whereas NFAT4 additionally requires a nuclear Ca 2+ rise.
INTRODUCTION
Many signaling proteins have multiple isoforms that are often co-expressed in the same cell. Isoforms can arise from different genes or through alternative splicing of the same gene. The fact that green algae, yeast, Caenorhabditis elegans, and vertebrates all express protein isoforms reinforces the view that this tight evolutionary conservation underlies an important, isoform-specific biological function. Critical questions are therefore how some isoforms can be activated, but not others, when they are co-expressed and how different isoforms evoke distinct effects. A partial answer has been provided by the finding that isoforms of protein kinases are corralled to different sub-cellular locations (Mochly-Rosen and Gordon, 1998) , controlling only those substrates constrained within the immediate vicinity. A more fundamental problem arises when protein isoforms share the same spatial domain and are activated by the same intracellular messenger. How can one isoform now be activated selectively and how might it gain access to targets that other isoforms are excluded from? This issue is nicely encapsulated by the NFAT family of transcription factors, which are essential for vertebrate development, differentiation, and function. Four members of the NFAT family (NFAT1-4) are activated by cytoplasmic Ca 2+ and are encoded by highly homologous genes (Hogan et al., 2003) . In resting cells, NFAT proteins are extensively phosphorylated and reside in the cytoplasm. Upon stimulation with agonists that increase intracellular Ca 2+ , these transcription factors are dephosphorylated by Ca
2+
-calmodulin activated protein phosphatase calcineurin, which exposes a nuclear localization sequence and thus enables the protein to translocate to the nucleus where it regulates gene expression (Mü ller and Rao, 2010; Wu et al., 2007) .
In immune cells, NFAT activation is tightly linked to Ca 2+ entry through store-operated Ca 2+ release-activated Ca 2+ (CRAC) channels Hogan et al., 2010) , and NFAT reporter gene expression is dependent on Ca 2+ influx (Kar et al., 2012b; Negulescu et al., 1994) . CRAC channels open following a fall in Ca 2+ from within the ER and control a plethora of cellular functions including secretion, gene expression, and regulation of growth and proliferation (Parekh and Putney, 2005) . The channels are gated by stromal interaction molecule 1 (STIM1) and STIM2, which are ER Ca 2+ sensors (Liou et al., 2005; Zhang et al., 2006) . As the ER loses Ca 2+ , STIM proteins form multimeric complexes, which then migrate across bulk ER to occupy specialized regions of ER located below the plasma membrane (Hogan et al., 2010; Lewis, 2007; Parekh, 2010) . At these sites, STIM proteins bind to and directly activate plasmalemmal Orai1 proteins, which comprise the pore-forming subunit of the CRAC channel Vig et al., 2006; Yeromin et al., 2006) . In RBL-1 cells, a model system for mast cell research, and HEK293 cells, NFAT1 translocation to the nucleus in response to physiological levels of stimulation of endogenous cysteinyl leukotriene type I (cysLT1) receptors is driven by spatially restricted Ca 2+ signals, called Ca 2+ microdomains, near open CRAC channels rather than by a global Ca 2+ rise (Kar et al., 2011 (Kar et al., , 2012b . The microdomains extend just a few nanometers from the CRAC channel mouth but have privileged access to the NFAT pathway because of the formation of a store-dependent membrane complex that brings calcineurin and a pool of cellular NFAT very close to the Ca 2+ channel (Kar et al., 2014 ).
NFAT1 and NFAT4 are often co-expressed in cells, occupy the same cytoplasmic location, and are activated by intracellular Ca 2+ . Nevertheless, they have recently been found to exhibit marked differences in nuclear translocation dynamics. NFAT4 migration into, and export from, the nucleus was reported to be 5-10 times faster than the corresponding rates for NFAT1 (Yissachar et al., 2013) . Because NFAT1 and NFAT4 are strongly expressed in immune cells, these differences in isoform dynamics might increase the temporal bandwidth for information processing in the immune system. However, the mechanistic basis for the different nuclear kinetics between the two transcription factor isoforms is unknown.
The sub-cellular profile of the Ca 2+ signal is critical in selective activation of downstream targets. Here, we compared the dependence of NFAT1 and NFAT4 nuclear accumulation on both local and global cytoplasmic Ca
. We find that NFAT1 is tightly coupled to Orai1, whereas NFAT4 relies on a form of coincidence detection, requiring both local Ca 2+ entry and a nuclear Ca 2+ rise. Our study uncovers a mechanism whereby co-existing transcription factor isoforms are activated by distinct sub-cellular Ca 2+ signals.
RESULTS

Hysteresis in Nuclear NFAT Dynamics
Activation of CRAC channels following stimulation of either G protein coupled cysLT1 receptors or tyrosine kinase-linked FCεRI receptors or by exposure to the sarco-ER Ca
2+
ATPase pump blocker thapsigargin all led to prominent movement of NFAT1-GFP from the cytoplasm into the nucleus in RBL-1 cells (Kar et al., 2012a (Kar et al., , 2011 . We compared the nuclear dynamics of NFAT1 with NFAT4 in response to the same stimulus, a maximally effective dose of thapsigargin, in cells expressing either NFAT1-GFP or NFAT4-GFP. In the presence of thapsigargin, NFAT1-GFP ( Figure 1A ) and NFAT4-GFP ( Figure 1B ) both migrated into the nucleus with similar kinetics (half-time for nuclear import was 11.1 ± 2.4 min for NFAT1-GFP and 12.2 ± 2.3 min for NFAT4-GFP, respectively; p > 0.4; Figure 1C ). Following steady-state nuclear accumulation, we measured the unidirectional nuclear export of NFAT by removing external Ca 2+ and simultaneously blocking calcineurin with cyclosporine A (Kar et al., 2011 oscillations that are accompanied by CRAC channel opening (Di Capite et al., 2009) . Application of LTC 4 led to migration of NFAT1 ( Figure S1A ) and NFAT4 ( Figure S1C ) into the nucleus, with similar kinetics (Figures S1B and S1D ). In the continued presence of agonist, only a small fraction of either transcription factor exited the nucleus ( Figure S1B ). Following nuclear accumulation, we removed LTC 4 and applied the cysLT1 receptor antagonist montelukast. Whereas most of the NFAT1 remained within the nucleus 30 min later ( Figure S1B ), NFAT4 was exported quickly ( Figure S1D ). The kinetics of the export of either NFAT1 or NFAT4 were not affected by the additional presence of cyclosporine A (Figures S1A and S1C; aggregate data summarized in Figures S1B and S1D).
Nuclear NFAT is rephosphorylated by protein kinases, which leads to its export to the cytoplasm. We compared the extent of rephosphorylation of NFAT isoforms by tracking the gel shift that occurs when dephosphorylated NFAT is rephosphorylated. In resting cells, both NFAT1-GFP and NFAT4-GFP were extensively phosphorylated and Ca 2+ influx through CRAC channels dephosphorylated each isoform, resulting in prominent gel shifts ( Figure 1D , top). After 30 min of sustained Ca 2+ entry, a condition that results in maximal accumulation of NFAT within the nucleus ( Figure 1C ), we removed external Ca 2+ and added cyclosporine A to prevent further dephosphorylation. We then measured the extent of rephosphorylation 20 min later. Consistent with the data obtained using GFP-tagged NFAT constructs, we found significantly more rephosphorylation of NFAT4 compared with NFAT1 at this time point ( Figure 1D ). The kinetic analyses in Figures 1 and S1 reveal interesting differences between NFAT1 and NFAT4, in response to the same level of stimulation with either thapsigargin or LTC 4 . NFAT1 shows marked hysteresis, with nuclear export 6 times slower than import. By contrast, NFAT4 has similar import and export rates. NFAT4 nuclear residency is therefore relatively better coupled to the duration of the cytoplasmic Ca 2+ signal. NFAT1 resides within the nucleus long after Ca 2+ entry has terminated, thereby imparting a form of short-term memory to NFAT-dependent gene expression (Kar et al., 2012b (Neher, 1998; Parekh, 2008) . The large cytoplasmic Ca 2+ rise evoked by thapsigargin was suppressed in EGTA-loaded cells ( Figure 2E ), but NFAT4-GFP still migrated to the nucleus ( Figures 2F and 2G ). We noticed that nuclear accumulation of NFAT4-GFP in the presence of cytoplasmic EGTA was less and considerably more transient than that seen in its absence ( Figure 2G ). This was not the case for NFAT1, where nuclear dynamics was unaffected by cytoplasmic EGTA ( Figure S2 ) (Kar et al., 2011) . Although local Ca 2+ influx triggers NFAT1 and NFAT4 movement, these results reveal that a global Ca 2+ rise is needed to maintain NFAT4-GFP within the nuclear compartment. 
Nuclear Ca 2+ Maintains NFAT4 in the Nucleus
The different export rates of NFAT1 and NFAT4 are likely to reflect disparities in isoform regulation within the nucleus. Three types of protein kinase are known to phosphorylate nuclear NFAT, resulting in exposure of a nuclear export sequence. These kinases are dual-specificity tyrosine-phosphorylation regulated kinases (DYRKs), casein kinase 1, and glycogen synthase kinase 3. DYRKs directly phosphorylate the serine-proline repeat (SP-3) motif, which primes for further phosphorylation of the SP-2 and serine-rich region 1 (SRR-1) by the other kinases . No Ca 2+ -dependent regulation of these kinases has been reported. We therefore considered that global Ca 2+ maintained NFAT4-GFP in the nucleus not through blocking of phosphorylation but by sustaining dephosphorylation. Although a cytoplasmic protein, calcineurin can translocate into the nucleus, where it counters nuclear NFAT phosphorylation (Al-Daraji et al., 2002; Shibasaki et al., 1996) . To mimic the experimental conditions we used above, we transfected cells with either NFAT1-or NFAT4-GFP and then measured the distribution of endogenous calcineurin between cytoplasmic and nuclear compartments. In cells expressing either NFAT1-or NFAT4-GFP, western blot analysis revealed that the majority of calcineurin was in the cytoplasmic fraction at rest but significant movement into the nucleus occurred after stimulation with thapsigargin (Figure 3A) . The time course of calcineurin migration was 3-fold slower than that of either NFAT-GFP isoform, implying that the two proteins did not move as a complex. Because a global cytoplasmic Ca 2+ rise can rapidly propagate into the nucleus (Oliveira et al., 2014) , we hypothesized that it was nuclear Ca 2+ that maintained NFAT4 in the nucleus. To test this, we transfected cells with the Ca 2+ -binding protein parvalbumin (PV) that had been engineered to express only in the nucleus by virtue of insertion of a nuclear localization sequence (NLS) (referred to as PV-NLS). PV-NLS-GFP was retained exclusively in the nucleus ( Figure 3B ), co-localizing with the nuclear stain DAPI. To confirm a Ca 2+ buffering action within the nucleus, we measured nuclear Ca 2+ with fluo-4 using confocal microscopy. Stimulation with a Ca 2+ pulse after thapsigargin treatment evoked a rise in both cytoplasmic and nuclear Ca 2+ ( Figure 3C ; Figure S3A ; mean data are shown in Figure S3B ). In cells transfected with PV-NLS (an untagged construct that was used to prevent interference with the fluo-4 signal), the cytoplasmic Ca 2+ rise in response to thapsigargin was unaffected, but the nuclear Ca 2+ increase was substantially reduced ( Figure 3D ; Figure S3B ). PV-NLS therefore effectively buffers nuclear Ca 2+ . To examine whether nuclear Ca 2+ was required to maintain NFAT4 within the nucleus, we co-expressed PV-NLS (untagged) with NFAT4-GFP and stimulated cells with thapsigargin. NFAT4-GFP accumulation within the nucleus was now virtually undetectable ( Figure 3E ; corresponding controls from the same preparations of cells, but not transfected with PV-NLS, are shown in Figure 3E , top). Aggregate data from several independent experiments are summarized in Figure 3J . Two pieces of evidence demonstrated that the inhibitory action of PV-NLS was due to its ability to buffer nuclear Ca
2+
. -free solution was 1.36 ± 0.12 [control] , and this became 1.29 ± 0.13 after 15 min pre-exposure to BTP2, p > 0.2). However, BTP2 inhibited store-operated Ca 2+ entry by 82% ± 9% when applied after Ca 2+ influx had been evoked by thapsigargin. Although stimulation with thapsigargin in cells expressing PV-NLS caused little NFAT4 translocation, subsequent exposure to 2 mM ionomycin in these same cells rescued NFAT4-GFP accumulation within the nucleus ( Figure 3E ; open bar above PV-NLS in Figure 3J ). Application of ionomycin also rescued cytoplasmic and nuclear Ca 2+ signals in cells expressing PV-NLS ( Figures S3A and  S3B ). Second, we expressed a mutant PV-NLS construct in which a critical glutamic acid residue at position 12 of each Ca 2+ -binding loop had been mutated to a valine (E62V, E101V) so that mutant PV-NLS was unable to bind Ca 2+ (Pusl et al., 2002) . Expression of this mutant had no effect either on the nuclear Ca 2+ rise ( Figure 3F ; Figure S3C ) or NFAT4-GFP accumulation within the nucleus ( Figures 3G and 3J ). In contrast to NFAT4, expression of PV-NLS had no inhibitory effect on nuclear accumulation of NFAT1-GFP ( Figures 3J and S2 , an effect arising from the presence of type II InsP 3 receptors in the nuclear membrane (Leite et al., 2003) . In our experiments, Ca 2+ entry through CRAC channels was used to stimulate NFAT and nuclear Ca 2+ would therefore follow the rise in global cytoplasmic Ca
. Consistent with this, expression of an mcherry-tagged PV construct that contained a nuclear export sequence (NES) (referred to as cytosolic PV-NES) resulted in a predominantly cytoplasmic distribution ( Figure 3B ) and the rise in both cytoplasmic and nuclear Ca 2+ following stimulation was inhibited ( Figure 3H ; Figure S3C ). NFAT4-GFP accumulation within the nucleus was also reduced by PV-NES, and this became more prominent at later times (Figures 3I and 3J ).
NFAT1 and NFAT4 Activation Exhibit Different Sensitivity to Agonist
The finding that NFAT4, but not NFAT1, requires a rise in nuclear Ca 2+ suggests that the two isoforms might have different dependencies on agonist intensity. Because NFAT1 is linked tightly to Ca 2+ microdomains near CRAC channels, modest stimulation of cell-surface receptors, which opens a fraction of the channels, should result in significant nuclear migration. By contrast, such modest stimulation is unlikely to raise global and therefore nuclear Ca 2+ sufficiently for NFAT4 to accumulate within the nucleus. To test whether the isoforms exhibited different stimulus intensity dependencies, we expressed cysLT1 receptors together with either NFAT1-or NFAT4-GFP in HEK293 cells and then activated the receptors over a range of LTC 4 concentrations. Receptor activation with 160 nM LTC 4 evoked repetitive Ca 2+ oscillations, which led to prominent movement of both NFAT1 and NFAT4 into the nucleus (data not shown). Stimulation with either 50 nM ( Figures 4A-4D Figures 4M-4O ) LTC 4 evoked a series of Ca 2+ oscillations, albeit of smaller amplitude and fewer in number when compared with the larger doses, but these still triggered the movement of NFAT1-GFP into the nucleus. By contrast, NFAT4-GFP failed to migrate to the nucleus at these low levels of receptor stimulation. A comparison of the dependences of NFAT-GFP isoform migration on stimulus intensity revealed that NFAT1 activation was >5-fold more sensitive to cysLT1 receptor activation than NFAT4 ( Figure 4P ).
One potential concern with these experiments is that cysLT1 receptor expression or its downstream signaling might differ between cells transfected with either NFAT1-or NFAT4-GFP. The frequency of Ca 2+ oscillations is very sensitive to receptor levels, phospholipase C activity, SERCA pump expression, and mitochondrial Ca 2+ uptake. We therefore compared the amplitude and frequency of Ca 2+ oscillations between cells expressing cysLT1 receptors alone, cysLT1 receptors with NFAT1, and cysLT1 receptors with NFAT4. These oscillatory components were virtually identical over a range of LTC 4 concentrations (Figure S4) . Moreover, the amplitudes and frequencies of Ca 2+ oscillations elicited by 2 nM were similar between cells expressing either cysLT1 receptors alone, receptors and NFAT1, or receptors and NFAT4 ( Figures S4A and S4D ). Responses to 50 nM LTC 4 were also similar ( Figures S4A and S4D ), demonstrating that receptor expression and downstream signaling were comparable for the different cells.
Nuclear Ca 2+ Is Required for NFAT4 Migration in
Response to Oscillatory Ca 2+ Signals
We tested the physiological relevance of a nuclear Ca 2+ rise in distinguishing between activation of the NFAT isoforms by stimulating cells with a low concentration of LTC 4 but after expression of PV-NLS. 50 nM LTC 4 evoked a similar pattern of cytoplasmic Ca 2+ oscillations in cells expressing either NFAT1-GFP or NFAT4-GFP together with PV-NLS ( Figure S5A ). However, only NFAT1 migrated to the nucleus; buffering of nuclear Ca 2+ suppressed NFAT4 migration in response to cysLT1 receptor activation (Figure S5B ; aggregate data are shown in Figure S5C ).
Simultaneous measurements of cytoplasmic and nuclear Ca
2+
showed that robust nuclear Ca 2+ oscillations were generated in phase with cytoplasmic Ca 2+ oscillations when cells were stimulated with 50 nM LTC 4 ( Figures S5D-S5F ). However, in the presence of 2 nM LTC 4 , a concentration that activated NFAT1 but not NFAT4 migration ( Figure 4O ), weak cytoplasmic Ca 2+ oscillations were generated, and these were associated with only small and transient nuclear Ca 2+ signals ( Figures S5G-S5I ).
Different NFAT Nuclear Dynamics in Cells Coexpressing NFAT1 and NFAT4 Although the previous experiments showed marked differences in nuclear export between NFAT1 and NFAT4, the studies were carried out in cells expressing either transcription factor alone.
To study transcription factor dynamics under identical conditions, we co-transfected cells with NFAT1-GFP and NFAT4-cherry and measured the kinetics of nuclear import and export in response to the same stimuli: thapsigargin or LTC 4 . In the first set of experiments, we fixed dual-expressing cells at different times after stimulation and measured the sub-cellular distribution of NFAT1 and NFAT4, using confocal microscopy after staining the nucleus with DAPI. At rest, both NFAT1-GFP and NFAT4-cherry were confined to the cytosol ( Figure 5A ). After stimulation with thapsigargin for 30 min, both transcription factors had migrated into the nucleus. 20 min after exposure to Ca 2+ -free solution supplemented with cyclosporine A, almost all NFAT4-cherry had returned to the cytoplasm, whereas nuclear NFAT1-GFP levels had barely changed ( Figure 5A ; mean data are shown in Figure 5B ). NFAT4-cherry also migrated out of the nucleus considerably faster than NFAT1 after cells had initially been stimulated with LTC 4 instead ( Figure 5B ). To study transcription factor kinetics in more detail, we turned to live epifluorescence imaging and measured the movement of NFAT1-GFP and NFAT4-cherry in co-transfected cells over a period of 80 min. Both transcription factors moved into the nucleus with similar kinetics following stimulation with thapsigargin ( Figures 5C and 5F, left) . However, upon exposure to Ca 2+ -free solution containing cyclosporine A, NFAT4-cherry export was considerably faster than that of NFAT1-GFP ( Figures 5D and   5F ). Similar results were obtained when LTC 4 was used as the trigger instead ( Figures 5E and 5F , right). In cells expressing only NFAT4-GFP, the time-constant for export was 7.8 ± 2.4 min (Figure 1) , and in dual-expressing cells, NFAT-cherry export was 10.7 ± 1.8 min (p > 0.1). Corresponding values for NFAT1-GFP were 73.5 ± 8.8 and 71.2 ± 6.9 min (p > 0.1), respectively. This shows that the presence of one tagged NFAT isoform does not significantly affect the dynamics of the other. We compared the dependence of NFAT1-GFP with NFAT4-cherry on nuclear Ca 2+ in co-expressing cells. In control cells not transfected with PV-NLS, stimulation with thapsigargin resulted in nuclear accumulation of both NFAT1 and NFAT4 (Figures S6A and S6C) . In cells expressing PV-NLS, only NFAT1 moved into the nucleus following stimulation with thapsigargin ( Figures S6B and S6C ). Subsequent challenge with ionomycin led to NFAT4 translocation to the nucleus (Figures S6B and (E) A similar experiment to that in (D) is shown, but now the stimulus was 120 nM LTC 4 . (F) Aggregate data for cells co-expressing NFAT1-GFP and NFAT4-cherry are compared. Stimulus (thapsigargin or LTC 4 ) was applied immediately after resting images were obtained (time zero). At the arrow, stimulus was removed and cells were exposed to Ca 2+ -free solution containing EGTA and cyclosporine A. For the traces labeled N1;Ca 2+ and N4;Ca 2+ , the stimulus was maintained (controls). Each point is the average of between 14 and 23 cells, taken from 5 and 9 coverslips.
Aggregate data are mean ± SEM.
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, but now in cells co-expressing both transcription factors.
The SP-3 Motif in the NFAT Regulatory Domain Contributes to Nuclear Residency
The SP-3 region in the regulatory domain of NFAT proteins is particularly important in regulating nuclear export because phosphorylation by DYRKs within this motif primes for further phosphorylation within the conserved SRR-1 and SP-2 regions . We therefore hypothesized that the disparity in nuclear residency between NFAT1 and NFAT4 was due, at least in part, to differences in the respective SP-3 regions. Because DYRKs phosphorylate several serine residues in the SP-3 motif (Okamura et al., 2000) , a simple prediction would be that blocking of these kinases should slow nuclear export of NFAT4. Consistent with this, pre-treatment with the DYRK inhibitor harmine (Gö ckler et al., 2009; Seifert et al., 2008 ) slowed NFAT4-GFP nuclear export 3-fold ( Figure 6A ; mean data are shown on the right; the time-constant for control was 8.5 ± 2.1 min and this increased to 26.7 ± 3.5 min in harmine, p < 0.01). In the presence of harmine, however, NFAT4-GFP was still exported 2.5-fold more rapidly than NFAT1-GFP, suggesting the presence of either harmine-insensitive DYRKs or DYRK-independent phosphorylation sites. A similar slowing of NFAT4 export by harmine was seen after stimulation with LTC 4 (Figures S1C and S1D) . By contrast, NFAT1 export was only weakly affected by harmine ( Figures S1A and S1B) . Nuclear NFAT4-GFP accumulation was also increased in EGTA-loaded cells when harmine was present ( Figure 6B ). To test the involvement of the SP-3 motif more directly, we used a chimera in which the SP-3 domain of NFAT4 was removed and replaced with the corresponding motif from NFAT1 (henceforth referred to as (SP-3NFAT1)-NFAT4)). Although (SP-3NFAT1)-NFAT4-GFP migrated into the nucleus with similar kinetics to NFAT4-GFP after stimulation ( Figure 6C ), nuclear export of the chimera was considerably slower than for NFAT4-GFP ( Figure 6C ; mean data are shown on the right; time constants for NFAT4-GFP and (SP-3NFAT1)-NFAT4-GFP were 9.9 ± 2.1 min and 57.4 ± 7.8 min, respectively). These results were confirmed in a gel shift assay, which showed (SP-3NFAT1)-NFAT4-GFP was rephosphorylated more slowly than NFAT4-GFP ( Figure 1D ). Significantly more (SP-3NFAT1)-NFAT4-GFP accumulated in the nucleus in EGTA-loaded cells after stimulation with thapsigargin ( Figure 6D ), compared with NFAT4-GFP (Figures 2 and  6D ) under similar conditions. Nuclear levels of (SP-3NFAT1)-NFAT4-GFP also increased more than NFAT4-GFP after exposure to thapsigargin in cells expressing either PV-NLS ( Figure 6E ) or PV-NES ( Figure 6F ).
Sequence alignments of the SP-3 region of NFAT1 with NFAT4 are compared in Figure 7A . A detailed analysis of phosphorylation sites within the SP-3 domain of NFAT1 has identified four serine residues that are phosphorylated (Okamura et al., 2000) , which are marked with asterisks in Figure 7A . These serines In panels (C), (E), and (G), thapsigargin was applied immediately after obtaining resting images.
in NFAT1 (S270, S274, S278, S282) are conserved in NFAT4. We therefore focused on additional serines that could underlie the differences in nuclear export kinetics. Serine276 in the SP-3 motif of NFAT1 is a valine in NFAT4. We therefore mutated this valine in NFAT4 to a serine (V-S-NFAT4) to see if nuclear export was altered. Although expression of V-S-NFAT4-GFP migrated into the nucleus at a similar rate to wild-type NFAT4-GFP ( Figure 7B ), nuclear export was 2-fold slower ( Figure 7B ; aggregate data are shown in Figure 7C ). The time constant for export for wild-type NFAT4 in paired control recordings was 10.9 ± 0.7 min, and this increased to 21.3 ± 2.3 min when V-S-NFAT4 was expressed instead (p < 0.01). Another difference is that alanine286 in NFAT1 is a serine in NFAT4. We therefore mutated this serine to alanine in the V-S-NFAT4 mutant. The double mutant V-S/S-A-NFAT4-GFP migrated out of the nucleus with a time course that was not significantly different from V-S-NFAT4-GFP ( Figures 7D and 7E) , suggesting alanine 286 plays little role in export kinetics.
We made the corresponding mutation in NFAT1, converting serine 276 to a valine (S276V-NFAT1). Compared with wildtype NFAT1-GFP, S276V-NFAT1-GFP moved out of the nucleus slightly faster (1.2-fold; Figures 7F and 7G ), but this was not significant (p = 0.1).
DISCUSSION
Simultaneous expression of multiple protein isoforms is essential for integrated and co-ordinated cellular responses, yet much remains unknown about how isoforms that share the same spatial domain are differentially activated. We have found that two widely expressed isoforms of the vertebrate transcription factor NFAT, NFAT1 and NFAT4, which are both cytosolic proteins and stimulated by the same Ca 2+ messenger, require distinct subcellular Ca 2+ signals for activity This requirement for different patterns of cytoplasmic Ca 2+ enables a physiological agonist to selectively recruit NFAT1 at low stimulus intensities and activate both isoforms as receptor occupancy increases. NFAT1 is directly coupled to CRAC channels, in that it is selectively activated by Ca 2+ microdomains near the open channels that extend only a few nanometers below the plasma membrane (Kar et al., 2011 (Kar et al., , 2012b Somasundaram et al., 2014) . Buffering global cytoplasmic Ca 2+ with either EGTA or PV-NES or nuclear Ca 2+ with PV-NLS had no effect on the rate and extent of NFAT1 accumulation within the nucleus. Ca 2+ release from stores or Ca 2+ influx through other plasma membrane ion channels (Kar et al., 2011 ) also fail to activate NFAT1, reinforcing the view of a tê te a tê te between Orai1 and NFAT1. By contrast, NFAT4 is more promiscuous in its Ca 2+ requirements. Although Ca 2+ microdomains near Orai1 channels kick-start NFAT4 activation, a rise in nuclear Ca 2+ is required to maintain the transcription factor with the nucleus. NFAT4 activation therefore allows for a contribution from multiple sources of Ca 2+ that convergently elevate global, and thereby nuclear, Ca 2+ . Our chimera studies ascribed a major role to the SP-3 motif in regulating the kinetics of nuclear export. This motif is phosphorylated by DYRKs , and we found that the DYRK kinase inhibitor harmine decelerated NFAT4 export, although to a lesser extent than seen when the isoform was engineered to express the SP-3 domain from NFAT1. Sequence alignment revealed that S276 in NFAT1 is a valine in NFAT4. The V-S-NFAT4 mutant exited the nucleus 2-fold more slowly than wild-type NFAT4. However, V-S-NFAT4 was still exported about three times more quickly than the (SP-3NFAT1)NFAT4 construct, suggesting other residues within the SP-3 motif make major contributions. Apart from V276, there are eight additional non-conserved amino acid differences between NFAT1 and NFAT4 within the SP-3 motif, and it is likely that several amino acid changes account for the overall difference in kinetics.
The difference in NFAT isoform nuclear export kinetics has important functional consequences. The slow export of NFAT1 enables the protein to activate gene expression even at low-frequency Ca 2+ spikes, since it will remain within the nucleus long after the Ca 2+ signal has terminated. By contrast, NFAT4 would be effective only when the Ca 2+ spike periodicity is shorter (less than the time-constant of export of 8 min) or when the Ca 2+ rise is sustained. A simple model that simulates the nuclear dynamics of NFAT1 and NFAT4 is shown in Figure S7 . Remarkably, acceleration of only the nuclear export rate (k 4 ) of NFAT4 relative to NFAT1 leads to marked differences in the nuclear levels of each transcription factor. Previous work in T cells showed that different transcription factors responded to different periodicities of the Ca 2+ signal (Dolmetsch et al., 1998) . Our study further suggests that isoforms of the same transcription factor have different Ca 2+ periodicity requirements.
Finally, the selective dependence of the two NFAT isoforms on distinct sub-cellular Ca 2+ signatures is of relevance to information processing in immune cells. The tight functional coupling between Ca 2+ microdomains and NFAT1 activation imparts both selectivity and high fidelity to CRAC channel-transcription coupling (Kar et al., 2012b) . Furthermore, by operating locally, this private line of communication is able to trigger gene expression at low concentrations of agonist that recruit a portion of the total CRAC channel pool. By contrast, NFAT4 has a dual dependency on both CRAC channels and a nuclear Ca 2+ rise. This latter requirement filters out weak stimuli from activating NFAT4-driven transcription since mobilization of a small fraction of the CRAC channel pool and the lack of a prolonged nuclear Ca 2+ rise conspire to prevent NFAT4 accumulation in the nucleus.
More generally, our results show how closely related protein isoforms can be differentially and sequentially activated by the same agonist in a manner dictated by sub-cellular Ca 2+ gradients.
EXPERIMENTAL PROCEDURES Cells HEK293 cells were purchased from ATCC (via the UK supplier LGC) and were cultured at 37 C with 5% CO 2 in DMEM supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin, as previously described (Kar et al., 2011) .
cDNA Constructs and Transfection Cells were transfected using lipofectamine, as described (Kar et al., 2011) . cDNA for NFAT4-GFP and all parvalbumin constructs were from Addgene, deposited by Dr. Anjana Rao and Dr. Anton Bennett, respectively. NFAT1-GFP was a gift from Dr. Jennings Worley. The (SP-3NFAT1)-NFAT4-GFP chimera was purchased from Mutagenex. All plasmids were used at 1 mg, and experiments commenced 24-48 hr after transfection.
NFAT Nuclear Migration NFAT1-GFP, NFAT4-GFP, and NFAT4-cherry levels in the cytosol and nucleus were measured using the IMAGO charge-coupled device camera-based system from TILL Photonics, with a 3100 oil immersion objective (numerical aperture 1.4). Regions of interest of identical size were drawn in the cytosol and nucleus of each cell, and fluorescence was computed. Nuclear localization was confirmed by co-staining with the nuclear dye DAPI (Kar et al., 2011) . Unless otherwise indicated, we calculated the nuclear/cytosolic (N/C) ratio of NFAT-GFP/-cherry as a function of stimulus time. We measured NFAT-GFP translocation in one field of view (approximately one to three cells) for up to 80 min per coverslip. A value of n = 15 therefore represents data from five to eight coverslips (at least three cell preparations).
Cytoplasmic and Nuclear Ca 2+ Measurements
Cytoplasmic Ca 2+ measurements were carried out at room temperature using the IMAGO charge-coupled device camera-based system from TILL Photonics (Kar et al., 2012b) . Cells, loaded with Fura-2/AM (1 mM), were alternately excited at 356 and 380 nm (20-ms exposures), at 0.5 Hz. Standard external solution contained 145 mM NaCl, 2.8 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , 10 mM D-glucose, and 10 mM HEPES (pH 7.4), with NaOH. Ca 2+ -free solution had the following composition: 145 mM NaCl, 2.8 mM KCl, 2 mM MgCl 2 , 10 mM Dglucose, 10 mM HEPES, and 0.1 mM EGTA (pH 7.4), with NaOH. Ca 2+ signals are plotted as R, which denotes the 356/380 nm ratio. Simultaneous measurements of thapsigargin-induced changes in cytoplasmic and nuclear Ca 2+ were performed with fluo-4. Cells were plated onto glass coverslips and either were not transfected or co-transfected with untagged PV-NLS and mcherry (marker for transfection) or PV-NES-DsRed. Cells were loaded with 2 mM fluo4-AM in a standard external solution for 40 min at room temperature. The changes in fluo-4 fluorescence (488 nm) in the cytosolic and nuclear compartments were monitored with a Zeiss LSM 510 Meta confocal microscope.
EGTA-AM Loading
Cells were loaded with EGTA-AM (20 mM) or solvent (0.1% DMSO) for 45 min in the dark, as described (Kar et al., 2011) .
Western Blot
Total cell lysates (40 mg) were analyzed by SDS-PAGE on either a 10% (Figure 1D ) or 12% ( Figure 3A) gel. Membranes were blocked with 5% non-fat dry milk in PBS plus 0.1% Tween 20 (PBST) buffer for 1 hr at room temperature. Membranes were washed with PBST three times and then incubated with primary Ab for 24 hr at 4 C. Total ERK2 and GFP antibodies were from Santa Cruz Biotechnology and Cell Signaling, respectively, and used at dilutions of 1:5,000 (ERK2) and 1:2,000 (GFP), respectively. The membranes were then washed with PBST again and incubated with 1:2,500 dilutions of peroxidase-linked anti-rabbit IgG from Santa Cruz Biotechnology for 1 hr at room temperature. After washing with PBST, the bands were detected by an enhanced chemiluminescence (ECL) plus western blotting detection system (Amersham Biosciences). Blots were analyzed by UN-Scan software. Nuclear and cytoplasmic extracts were separated as described (Chang et al., 2006) . Calcineurin levels were normalized to total ERK2 or HH3 (Abcam), for normalized cytoplasmic and nuclear levels ( Figure 3A ).
Statistical Analysis
Data are presented as the mean ± SEM. Statistical significance was determined by using the Student's t test, except in Figure 5F , where an ANOVA followed by a post hoc Newman-Keuls multiple comparison test was used (*p < 0.05, **p < 0.01, and ***p < 0.001). PV-NLS mut denotes the PV-NLS mutant that cannot bind Ca 2+ .
SUPPLEMENTAL INFORMATION
Error bars denote SEM. *** denotes p<0.001 and n.s. not significant. Oxford.
